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 Inserts are placed within chromatography columns to enhance wall support.
 The impact of column inserts is captured by structural mechanics models.
 Simulations are shown to be in good agreement with experimental data.
 The model helps selecting dimensions of inserts to increase column linear velocity.
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a b s t r a c t
Cell culture titres are expected to increase still further over the forthcoming years. This imposes challenges
for downstream processing including the potential need to use larger volumes of chromatography resins.
Such a move could create throughput bottlenecks because of the compressible nature of many commercially
available resins, which makes the operation of columns with diameters beyond 2 m infeasible due to resin
collapse. The use of cylindrical inserts of negligible thickness has been proposed in the literature as a way to
enhance the level of wall support, allowing higher superﬁcial ﬂow velocities to be applied and hence larger
diameter columns to be used. In this study, a structural mechanics model has been developed to evaluate the
effect of inserts on the column pressure drop and ﬂow characteristics. Simulations were shown to be in good
agreement with published experimental data. The model was then used to predict the effect of insert
number, diameter, height and roughness on critical velocity of manufacturing scale columns.
& 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Chromatography is one of the most essential steps in the down-
stream processing of a therapeutic. The dependence of the produc-
tion rate on the separation factor achieved during chromatography
is so strong, that even a small improvement in production ﬂow
rates can translate into a meaningful gain (Langer, 2009). Contin-
uous increases in cell culture titres will require higher levels of
throughput than those currently achievable in downstream pro-
cessing (Shukla and Thommes, 2010). Chromatography, in particu-
lar, is likely to face operational challenges associated with
the inability to operate columns having diameters beyond 2 m.
Improvements in chromatography operations will be of pivotal
importance for the purposes of increasing productivity but most at
the same time satisfy the purity speciﬁcations required by regula-
tory agencies.
Chromatography operations are usually developed using labora-
tory scale columns having diameters less than 3 cm and charac-
terised by aspect ratios (deﬁned as column diameter to bed height) of
less than 0.08. The current chromatographic scale-up methodologies
suggested in the literature and applied in industry are based on
increasing column diameter so as to accommodate the increase in
process volume, while maintaining the bed height and superﬁcial
ﬂow velocity (Carta and Jungbauer, 2010).
The operational ﬂow rate of a column is commonly evaluated
on the basis of the magnitude of the critical velocity, deﬁned as the
superﬁcial ﬂow velocity at which the pressure–superﬁcial ﬂow
velocity curve rises without limit. The presence of frictional forces
between the walls and the resin alleviates the mechanical and
hydrodynamic stresses applied on the resin itself. The wall support
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depends mainly on the aspect ratio of the column and it is considered
negligible for aspect ratio values larger than 2 (Stickel and Fotopoulos,
2001).
Estimation of the critical velocity of a column is generally
conducted through empirical correlations of gravity-settled bed
height, column diameter, feed viscosity and compressibility of the
chromatographic media used (Stickel and Fotopoulos, 2001; Tran
et al., 2007). Additionally, structural mechanics models have been
applied to calculate critical velocity values by investigating the
stress state in rigid and compressible chromatography resins (Chase
and Willis, 1992; Chen et al., 2005; Cherrak et al., 2001; Colby et al.,
1996; Hekmat et al., 2013; Keener et al., 2004; McCue et al., 2007;
Östergren, 1999). The majority of these models were developed in a
two-dimensional coordinate reference system. They describe the
pressure–superﬁcial ﬂow velocity behaviour using Darcy’s law and
treat the resin as a porous material. They can take into account
material nonlinearity in the case of compressible resins by expres-
sing the Young’s modulus as an empirical function of the particle
porosity (Östergren, 1999). The empirical parameters of the Young’s
modulus equation are best-ﬁtted to independent compression
experimental data (McCue et al., 2007).
Many of the resins currently used in industry are made from
materials which tend to be compressible and having relatively high
porosities in comparison to rigid resins (Chase, 1984). Their com-
pressible nature adds a constraint on the ﬂow rate to which a
column can operate, limiting its throughput. Compression of the
resin intensiﬁes with an increase in the column aspect ratio as a
result of loss of wall support. Manufacturing scale columns may
have diameters above 1 m, and hence aspect ratios above 5. There-
fore, for a given resin, the operating superﬁcial ﬂow velocity of
manufacturing scale columns is necessarily smaller than that of the
corresponding laboratory scale columns in order to avoid collapse
of the resin due to diminished wall support.
The use of cylindrical inserts of negligible thickness has been
initially proposed by Sada et al. (1982) and later on used by Lan et al.
(2012) as a way to enhance the level of wall support, allowing higher
superﬁcial ﬂow velocities to be applied. Sada et al. (1982) do not
provide a mathematical model, which can be used to predict or give
some insight on the number of inserts required to increase the
critical velocity of packed bed columns of varying size and resin
material used. Lan et al. (2012) developed empirical models to
describe the effect of the position and the diameter of insert(s) on
the critical velocity of a 10 cm diameter column. They conducted
acetone pulses experiments, which do not show dispersion or tailing
in the acetone pulse curve. Additionally, there was not a signiﬁcant
change in plate number, asymmetry factor or acetone retention
time. They achieved up to a 30% increase in critical velocity without
affecting signiﬁcantly the chromatographic efﬁciency as the number
of height equivalent to a theoretical plate (HETP) dropped by less
than 10%. Those models have coefﬁcients with no physical repre-
sentation, as they are of empirical nature. Therefore, they are valid
only for the resin type, column dimensions and insert number used.
By contrast, this study uses structural mechanics modelling to
describe the effect of inserts on the critical velocity of chromato-
graphy columns. The parameters and variables of the model have
physical representation. Therefore, they might be used to provide
insight in cases where resin material with different mechanical
properties and column/inserts with different dimensions are used.
Additionally, the volumetric strain of the packed bed column is
coupled with the packed bed’s elastic modulus and bed void fraction,
whereas in previous publications a constant value has been assumed.
Experimental data from Lan et al. (2012) obtained using chroma-
tographic columns of 10 cm diameter supported with inserts were
used to calibrate by evaluating the mechanical properties of the resin
and the coefﬁcient of friction between the resin and the columnwall
and verify the structural mechanics models by increasing the number
of inserts supporting the column. The model was then used to
optimise the diameter and height of the insert, so as to maximise the
critical velocity for a given combination of column geometry and
resin, allowing higher throughput to be achieved. The veriﬁed model
provides a thorough understanding of the impact of the inserts on
the stress distribution inside the column, and establishes rules for the
correct selection of the dimensions of column inserts to be used so as
to maximise its operational superﬁcial ﬂow velocity without the
need for laboratory-intensive and time-consuming experiments.
2. Materials and methods
2.1. Experimental setup
An ÄKTApilot™ system (GE Healthcare, Uppsala, Sweden) was
used to obtain column pressure–superﬁcial ﬂow velocity relation-
ships and consequently to determine critical velocity values. A
pressure transducer (Digitron 2083P, Digitron Communication, Inc.,
Cambridge, UK) was connected to the inlet of the column so as to
obtain more accurate pressure measurements than those the ÄKTA-
pilot system could provide. A BPG 100 column (inner diameter:
10 cm) (GE Healthcare, Uppsala, Sweden) packed with Purabeads
6XL (ProMetic Biosciences Ltd, Cambridge, UK) resin was used in this
study. Purabead 6XL is a 6% v/v cross-linked agarose-based resinwith
no ligands attached. It has an average particle diameter of 90 mm. The
physical constants used in the modelling simulations for this type of
resin are presented in Table 1.
2.2. Inserts
All inserts were purposely made of hollow cylindrical shape made
of stainless steel (Fig. 1). Inserts were placed concentrically within the
columns and their orientation was secured by stainless steel bars
bearing on the column walls to allow precise location of the insert.
The insert heights were always marginally less than the height of the
packing in the column in order to allow free movement for the top
adaptor of the column during column packing. The wall thickness of
the inserts was 50 mm. The column was packed with Purabead 6XL
resin to 0.10, 0.15 and 0.20 m bed heights. The diameter of the insert
was 33%, 50% and 66% of the column diameter and its height was 3/4
of column initial height.
2.3. Column packing procedure
Homogenous slurries of resin (in 20% v/v ethanol) were made to a
concentration of 70% v/v gravity settled bed slurry volume and used
for column packing. Inserts were placed in the column before reverse
osmosis (RO) water and then the bead slurry was poured into the
column. This achieved homogenous packing of the beads and was
reproducible in terms of bed characteristics (axial dispersion and
packed height). The resin was left to settle overnight after which the
adaptor was lowered to 1 cm above the settled bed. Subsequently, the
column was equilibrated using RO water at a ﬂow rate of 10 cm h1
for 40 min.
Table 1
Physical constants used in modelling simulations.
Resin Mean bead
size (mm)
Initial bed void
fraction ( )
Column wall friction
coefﬁcient ( )
Poisson
ratio ( )
P6XL 90 0.41 0.16 0.29
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2.4. Pressure–superﬁcial ﬂow velocity relationship and critical
velocity determination
The automatic pressure step method (Chang et al., 2012) was
applied for critical velocity determination. Brieﬂy, a standard propor-
tional–integral (PI) control algorithm was linked to the pressure and
ﬂow controller of the pump system. The pressure was increased
incrementally from 0.01 MPa in ﬁxed pressure steps. Each step lasted
5 min during which period the system sought to adjust the superﬁcial
ﬂow velocity in order to achieve the desired pressure set point. The
critical velocity was deemed to have been reached when a change
of less than 15 cm h1 in the superﬁcial ﬂow velocity occurred after
three consecutive pressure steps. The maximum allowable opera-
tional pressure was set up at 70% of the column pressure safety limit.
3. Theory
3.1. Mathematical modelling of compression in a chromatography
column
A mathematical model, which simulates the ﬂow-resin consoli-
dation in chromatography columns packed with compressible resins
was developed using COMSOL Multiphysicss 4.4 (COMSOL Ltd.,
Cambridge, UK) based on Biot’s theory (Biot, 1941, 1962). In this
work Darcy’s Law was used to describe the liquid ﬂow through the
packed bed, which assumes steady state conditions and laminar
incompressible ﬂow. The packed bed was treated as an elastic and
isotropic porous material with the beads saturated with liquid
representing the solid phase and the intra-particle space represent-
ing the liquid phase. The strains occurring during resin compression
are expected to be small (below 10%) and hence the stress–strain
relationship to be linear. Under these assumptions, Hooke’s law may
be applied to express the relationship between the stress and strain
tensor in terms of the mechanical properties of the packed bed.
3.1.1. Liquid phase equations
The pressure drop in a chromatography column is related to
superﬁcial ﬂow velocity by Darcy’s law. It is expressed mathema-
tically by the following equation:
U0 ¼ 
1
μ
k∇P
∇P ¼∇pρg ð1Þ
where U0 is the superﬁcial ﬂow velocity, μ is the dynamic viscosity of
the mobile phase, ρ is the density of the mobile phase, P is pressure,
g is the gravitational acceleration and k is the bed permeability.
In this study the bed permeability was calculated using the
Kozeny–Carman Eq. (2) (Carman, 1997):
k¼ d
2
P
C
ε3
ð1εÞ2
ð2Þ
where ε is the bed void fraction, C is an empirical constant
(typically 180) and dp is the particle diameter.
The continuity equation for steady state, single phase incom-
pressible ﬂow is presented by the following equation:
∇  ðρU0Þ ¼ 0 ð3Þ
The pressure distribution in the liquid phase of the column is
described mathematically by combining Eqs. (1)–(3) to obtain Eq. (4):
1
r
∂
∂r
rkρ
μ
∂P
∂r
þr ∂
∂z
kρ
μ
∂P
∂z
 
¼ 0 ð4Þ
The boundary conditions for Eq. (4) are speciﬁed at the inlet and at
the outlet of the column are speciﬁed by Eqs. (5) and (6), respectively.
P r;Hð Þ ¼ΔP; z¼H ð5Þ
where ΔP is the hydrodynamic pressure drop across the column and H
is the compressed bed height, while r and z represent the radial and
axial coordinates, respectively.
P r;0ð Þ ¼ 0; z¼ 0 ð6Þ
At r¼0, there is radial symmetry because of the cylindrical
shape of the column, therefore Eq. (7) applies. In addition, no slip
conditions can be assumed in correspondence with the insert and
column walls (Eq. (8)):
∂Pð0; zÞ
∂r
¼ 0 ð7Þ
No slip conditions are applied at the insert and column walls:
∂PðR1; zÞ
∂r
¼ 0; r¼ R1
∂PðR2; zÞ
∂r
¼ 0; r¼ R2
∂PðR3; zÞ
∂r
¼ 0; r¼ R3 ð8Þ
where R1 is the column radius, R2 and R3 is the inner and outer
radius of the insert, respectively.
3.1.2. Solid phase equations
The relationship between the pressure drop through the column
and the solid phase deformation is described mathematically by
∇  σ ¼∇P ð9Þ
Fig. 1. BPG 100 column supported by insert(s) (GE Healthcare, Uppsala, Sweden). (A) column inserts and supporting rods, (B) assembled double insert, (C) insert placed at
the bottom of a BPG 100 column.
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The above equation expressed in cylindrical coordinates gives
Eq. (10):
∂σrr
∂r
þ1
r
∂σrθ
∂θ
þ∂σrz
∂z
þσrrσθθ
r
¼ ∂P
∂r
∂σθr
∂r
þ1
r
∂σθθ
∂θ
þ∂σθz
∂z
þ2σθr
r
¼ 1
r
∂P
∂θ
∂σzr
∂r
þ1
r
∂σzθ
∂θ
þ∂σzz
∂z
þσzr
r
¼ ∂P
∂z
ð10Þ
Stress σ and strain ε are related according to Hooke’s law by the
following set of the following equation:
σrr ¼ 2GεrrþλεV
σθθ ¼ 2GεθθþλεV
σzz ¼ 2GεzzþλεV
σθz ¼ 2Gεθz
σzr ¼ 2Gεzr
σrθ ¼ 2Gεrθ
εV ¼ εrrþεθθþεzz ð11Þ
where G is the shear modulus, v the Poisson ratio and λ is the Lame’s
coefﬁcient. These constants are used to simplify the relationship
between stress and strain.
The Lame’s coefﬁcient λ is deﬁned as (Eq. (12)):
λ¼ Evð1þvÞð12vÞ ð12Þ
The displacements are given by:
εrr ¼
∂ur
∂r
εθθ ¼
1
r
∂uθ
∂θ
þur
r
εzz ¼
∂uz
∂z
εθz ¼
1
2
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þ1
r
∂uz
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 
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1
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uθ
r
 
ð13Þ
The ﬁnal balance equations expressed in terms of bed displace-
ment (ur, uz) produced during compression were obtained by
combining Eqs. (10), (11), and (13):
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rG
∂uz
∂r
 
þ ∂
∂z
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The boundary conditions for Eqs. (11) and (12) for the inlet and
outlet of the column are presented by Eqs. (16) and (17), respec-
tively.
ur r;Hð Þ ¼ 0;
∂uzðr;HÞ
∂z
¼ 0 ð16Þ
uzðr;0Þ ¼ 0;
∂urðr;0Þ
∂z
¼ 0 ð17Þ
At r¼0 there is radial symmetry because of the cylindrical
shape of the column, therefore Eq. (18) applies
urð0; zÞ ¼ 0;
∂urð0; zÞ
∂r
¼ 0; ∂uzð0; zÞ
∂z
¼ 0 ð18Þ
At the insert and column walls there is no radial displacement
of the resin and the wall friction is described through a friction
coefﬁcient. Speciﬁcally,
σzrðR1; zÞ ¼ μf1σrrðR1; zÞ; urðR1; zÞ ¼ 0
σzrðR2; zÞ ¼ μf2σrrðR2; zÞ; urðR2; zÞ ¼ 0
σzrðR3; zÞ ¼ μf2σrrðR3; zÞ; urðR3; zÞ ¼ 0 ð19Þ
where H0 is the initial height of the uncompressed column, μf1 and
μf2 is the column and insert wall friction coefﬁcient, respectively.
The Young’s modulus of the resin (E) was expressed as an
empirical function of the bed void fraction ε (Spriggs, 1961):
E¼ E0eE1εv ð20Þ
where E0 and E1 are empirical parameters and εv is the volumetric
strain. A high E0 value reﬂects a high packed bed structural rigidity
following the initial consolidation stage (caused by gravity) and
the term eE1εv represents packed bed structural rigidity when the
resin is under compression.
The relationship between the bed void fraction and the volumetric
strain is given by a further empirical relationship (Herrmann, 1969):
ε¼ 1 1
1ε0
eεv ð21Þ
where ε0 is the void volume at the reference pressure (atmospheric
pressure for this study). The values of E0 and E1 were estimated from
the pressure–superﬁcial ﬂow velocity experimental data using least
squares regression analysis.
Eq. (21) couples the liquid and solid phase of the packed bed of
the chromatography column. More speciﬁcally, the bed void fraction
affects the bed permeability of the column, which is an input in the
liquid phase equations, and the volumetric strain affects the Young’s
modulus of the resin, which is an input in the solid phase equations.
3.2. Evaluation of resin’s physical properties
The empirical parameters E0 and E1 of Eq. (20), which expresses
the Young’s modulus as a function of volumetric stress and the
column wall friction coefﬁcient μf1 (in most cases this can be
derived from literature) were evaluated by best ﬁtting a structural
mechanics model to pressure–superﬁcial ﬂow velocity and bed
height-superﬁcial ﬂow velocity experimental data simultaneously
obtained in laboratory columns without insert support. Then, the
insert wall friction coefﬁcient μf2 was evaluated by best ﬁtting a
structural mechanics model to increase in critical velocity-ratio of
insert to column diameter experimental data using laboratory scale
columns supported with one insert. These two inverse problems
were applied in two steps using COMSOL Multiphysics wrapped
around MATLABs R2013a (The MathWorks Inc., Cambridge, UK). In
the ﬁrst step the COMSOL model was developed in the COMSOL’s
graphical user interface using arbitrary values for the parameters of
interest and it was then saved as a MATLAB ﬁle. In this form the ﬁle
was able to run in the MATLAB’s graphical user interface without
the option to alter the values of the parameters of interest and
calibrate the model to experimental data. This was achieved by
editing the ﬁle as a forward model. In this way, the system of
differential equations of the model was treated as a functional
representation between the parameters of interest, which are the
input, and the weighted sum of squared residuals SSR (the differ-
ence between the experimental pressure–superﬁcial ﬂow velocity
and bed height–superﬁcial ﬂow velocity values and the ﬁtted value
divided by the experimental standard deviation), which is the
output. The weighted sum of squared residuals was given by:
SSR¼
Xm
k ¼ 1
qexp;k qmod;k
sexp;k
 
ð22Þ
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where qexp,k is the experimental value, qmod,k is the model response
and sexp,k is the experimental standard deviation.
In the second step the nonlinear least-squares MATLAB function
“lsqcurveﬁt”was used to minimise the sum of squared residuals (SSR)
betweenweighted experimental measurements using the Levenberg–
Marquardt algorithm. While optimising parameter values, a range
was imposed by the upper and lower bounds shown in Table 2
to avoid obtaining results without physical meaning. The optimal
parameter values were estimated in 70 min CPU times on an Intel
hexa-core Pentium Xeon 5680/3.33 GHz processor with 96 Gb mem-
ory. Both cores were under load during simulation and 1.6 Gb out of
96 Gb memory were allocated for COMSOL Multiphysics.
4. Results and discussion
Fig. 1 provides a schematic of two different insert conﬁgurations
used in this work. The function of the insert is to provide extra wall
support as a result of friction of the resinwith the walls of the inserts,
allowing a higher operational velocity to be employed. The inserts
are made of stainless steel in order to withstand the wide range of
puriﬁcation conditions. The column efﬁciency is not affected as long
as the thickness of the inserts is negligible compared to the column
diameter (Lan et al., 2012).
Fig. 2 shows the approach adopted in this work to increase the
operational superﬁcial ﬂow velocity in a manufacturing scale column.
First, the values of the empirical parameters E0 and E1 of Eq. (21),
which expresses the Young modulus as a function of volumetric
stress and the value of friction coefﬁcients at the walls of the insert
and column were estimated from the pressure–superﬁcial ﬂow
velocity and pressure drop–bed height experimental data using
regression analysis as described in Section 3.2. These evaluations
were then veriﬁed in laboratory columns equipped with two inserts.
Lastly, the optimal number of inserts corresponding to the maximum
superﬁcial ﬂow velocity of the manufacturing scale column was
predicted.
Fig. 3 provides simulated bed void fraction proﬁle in a column
with a diameter of 10 cm and initial packed bed height of 11 cm. The
column was supported by an insert with a diameter of 7.5 cm and a
height of 8.25 cm (3/4 of column initial bed height). It can be seen
that the levels of compression of the resin are highest in the centre of
the column and lower by the walls of the column and inserts. This
result is due to the friction between the beads and the walls of the
column and insert, which inhibits the compression of the resin. The
compression of the resin increases from the top of the column to its
bottom in line with the increased pressure drop.
Young’s modulus of the resin and associated parameters used
in Eqs. (20) and (21), relating the bed void fraction to the resin’s
volumetric strain, were calculated from experiments on BPG 100
columns (initial height: 11 cm) without insert support, since the
mechanical properties of the resin are independent of the presence
of the inserts. Parameter estimation was achieved by best ﬁtting the
structural mechanics model described in Section 3.1 to the pressure
drop-superﬁcial ﬂow velocity and bed height-superﬁcial ﬂow
velocity experimental data (Fig. 4). The values of the obtained
parameters are presented in Table 3. The values of these parameters
were then used to best ﬁt a structural mechanics model to
experimental data (Fig. 4C) of critical velocity increase as a function
of the ratio of insert to column diameter in order to calculate the
wall friction coefﬁcient of the insert. The experimental data were
derived from runs in BPG 100 columns (initial height: 11 cm)
supported by one insert (Lan et al., 2012).
Fig. 5 shows the prediction of pressure drop-superﬁcial ﬂow
velocity curve for a BPG 100 column supported with two inserts.
Data with one insert have been added for benchmarking of the
improvement obtained through inclusion of one more insert. A good
agreement was obtained between the simulations and experimental
results when the column is supported with one or two inserts. The
average error between experimental and simulated data was 3% in
terms of the superﬁcial ﬂow velocity predictions and 4% for pressure
drop predictions.
Fig. 6 shows the simulated effect of column aspect ratio (diameter/
height) on critical velocity when the column was supported by one
insert. The effectiveness of the insert in achieving higher critical
velocities depends mainly on the height and the aspect ratio of the
column. Speciﬁcally, for a column packed with Purabead 6XL resin to
a height of 20 cm, the support of the insert decreases when the aspect
ratio exceeds 1.0, whereas for a column of half the height, the insert
support decreases when the column aspect ratio is above 1.5. There-
fore, more inserts are required to provide additional wall support as
the height and diameter of the column increases.
Fig. 6 shows also the effect of insert’s wall roughness to the
critical velocity. More speciﬁcally, higher critical velocities can be
obtained by increasing the roughness of the insert’s surface.
Table 2
Bounds for parameter estimation.
Parameter Lower limit Upper limit Reference
E0 (kPa) 0 240a Keener et al. (2004)
E1 ( ) 10a 0 McCue et al. (2007)
μf 2 ( ) 0 0.38
a McCue et al. (2007)
a Set at twice the reported value.
Fig. 2. Flow chart for the hydrodynamic range extension of traditional soft matrices through the use of column inserts.
Fig. 3. Bed void fraction proﬁle in a column with a diameter of 10 cm and initial
packed bed height of 11 cm. The insert has a diameter of 7.5 cm and a height of
8.25 cm (3/4 of column initial bed height). (A) no insert support, (B) insert support.
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Experimental investigation is needed to check if the increase of
insert’s wall roughness will damage the resin particles during bed
compression or lead to loose resin packing close to the walls of the
insert. Our models predict that differences in the insert’s wall
friction coefﬁcient do not affect signiﬁcantly the critical velocity
for columns with aspect ratios below 2. Above this value, the effect
of the insert and consequently the effect of insert’s roughness in
providing wall support to the speciﬁc packed column starts
diminishing.
Fig. 7 shows simulation results on the effect of the number of
inserts on the critical velocity of a manufacturing scale column
packed with Purabead 6XL. The column has a simulated diameter
of 2 m and the initial height of the resin was 0.20 m. The height of
the insert(s) was set to be equal to 75% of the initial height of the
resin (i.e. before compression) in the column. The predictions
clearly show that wall support is diminished in manufacturing
scale columns, and that more than one insert is required to
achieve the same magnitude of improvement in critical velocity
to that achieved in laboratory columns. As the distance between
the inserts is reduced, the packing of a column will become a
challenging task. Further practical investigation is therefore
required to identify what should be the minimum distance
between inserts for a speciﬁc resin type in order to avoid the
creation of dead spaces during manufacturing scale packing.
Additionally, the sanitisation of the column may be affected by
the width of the annulus formed between the concentric inserts.
Small asperities may not allow full access of the sanitisation buffer
solution to reach the surface of the insert and is therefore an
important operational constraint.
Fig. 4. Evaluation of resin’s physical properties using regression analysis. The experimental data (●) in (A) and (B), which were derived from runs in BPG 100 columns
without insert(s), were best ﬁtted to a structural mechanics model (▬) in order to calculate the mechanical properties of the resin. The experimental data (○) in (C), which
were derived from runs in BPG 100 columns supported by one insert, were best ﬁtted to a structural mechanics model (x) in order to calculate the wall friction coefﬁcient of
the insert.
Table 3
Best-ﬁt values for modulus of elasticity empirical function parameters and insert’s wall friction coefﬁcient.
Young modulus empirical function parameters ðE¼ E0eE1εv Þ E0 (kPa) E1 ( )
60.5777.61 3.9870.76
Insert’s wall friction coefﬁcient μf 2 ( )
0.3370.02
Fig. 5. Prediction of pressure drop-superﬁcial ﬂow velocity curve for a BPG 100
column supported with two inserts. The column was 10 cm in diameter, and
packed to 11 cm bed height. The diameter of the insert for the single insert column
support conﬁguration was 3.0 cm diameter, whereas the diameter of the two
inserts for the double column support conﬁguration was 3.0 cm and 7.5 cm
respectively. All column inserts were 4.5 cm in height and 50 mm in thickness.
The chromatographic resin was Purabead 6XL.
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Furthermore, the simulations show that the dimensions and
number of inserts required to maximise critical velocity is a function
of the mechanical properties of the resin (Young’s modulus and
Poison ratio) and the coefﬁcient of friction between resin and
column/insert walls (Fig. 7). Hence, relatively soft resins require a
large number of inserts to be included because the beneﬁts of wall
support diminish more rapidly with radial distance than when a
rigid resin is used.
Fig. 8 shows the bed void fraction proﬁles of a manufacturing
column with a diameter of 2 m and a bed height of 20 cm running
down ﬂow. A column with no inserts was the default case and
conﬁgurations of 9 and 29 inserts were used to study the effect of
insert number on enhancing wall support. The contribution of
column wall support is negligible, as the aspect ratio (diameter/
height) of the column is 10. The inserts were equally spaced in
order to simplify the technical requirements of insert construction
for supporting a manufacturing column packed with resins of
similar mechanical properties.
The effect of insert number on the packed bed structure was
characterised by the bed void fraction proﬁles and are focused
towards the bottom of the column. The bed void fraction proﬁles
were obtained for one superﬁcial ﬂow velocity, equal to the critical
velocity of the ﬁrst conﬁguration (no inserts; Fig. 8). A low bed
void fraction at the bottom of the column is indicative of restricted
ﬂow. Increasing the lowest bed void fraction of the column would
require the addition of inserts to enhance wall support.
Fig. 9 displays the effect of number of inserts on the average
bed void fraction in a manufacturing column with a diameter
of 2 m and a bed height of 20 cm operating at superﬁcial ﬂow
velocities between 50 and 150 cm h1. The presence of inserts is
not necessary at low superﬁcial ﬂow velocities, as the resin is
getting slightly compressed. The relationship between average bed
void fraction and number of inserts becomes steeper, as superﬁcial
ﬂow velocity increases and higher superﬁcial ﬂow velocities can
only be achieved if more inserts are supporting the column.
Figs. 8 and 9 show that a small number of inserts provides a
signiﬁcant wall support to overcome the packed bed’s susceptibility
to compression. The bed void fraction remains relatively low.
Fig. 6. Effect of insert diameter on critical velocity of columns of varied aspect ratio and height. The column was packed with Purabead 6XL resin to 10, 15 and 20 cm bed
height and was supported by one insert. The diameter of the insert was 33% (- - -), 50% (───) and 66% (- - -) of the column diameter, its height was 8.25 cm (3/4 of column
initial height) and its thickness was 50 mm.
Fig. 7. Effect of the number of inserts on the critical velocity of a 2 m diameter
manufacturing scale column packed with Purabead 6XL resin. The height of the
insert(s) was set up to be equal to 75% of the initial height of 20 cm of the resin (i.e.
before compression) in the column. The wall friction coefﬁcient of the inserts was
(x) 66%, 100% (●) and 133% (▲) of the default value 0.33. Points are not connected
with lines due to the discrete nature of “No. of inserts” variable.
Fig. 8. Bed void fraction proﬁles in a manufacturing scale column of 2 m diameter
and 0.2 m height as a function of insert number.
Fig. 9. Average bed void fraction in a manufacturing scale column of 2 m diameter
and 0.2 m height running at (▲) 50 cm h1, (●) 75 cm h1, (x) 100 cm h1 (★)
125 cm h1 and (þ) 150 cm h1 as a function of insert number. Points are not
connected with lines due to the discrete nature of “No. of inserts” variable.
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Adding more inserts, and consequently decreasing the distance
between them, results in the retention of a larger bed void fraction.
This is indicative of the improved resistance of the packed bed to
compression.
5. Conclusions
The aim of this study was to provide a fundamental engineering
basis on which to predict the rational extension of the hydrody-
namic range of traditional soft matrices through the use of column
inserts. This was achieved by developing a coupled ﬂow-structural
mechanics model combined with laboratory scale experiments to
obtain the pressure, velocity and stress distribution within labora-
tory chromatography columns supported by inserts. The knowledge
of the mechanical/hydrodynamic properties of the resin and the
dimensions of the column were then used to predict the number of
inserts required to support a manufacturing scale column and so by
extending its operational superﬁcial ﬂow velocity.
It has been shown that the extent of bed compression is not only
a function of the resin’s mechanical properties but also a function of
the position, dimensions and roughness of the inserts selected for a
given column diameter. It was shown that by increasing the number
of inserts, the wall support is enhanced. Similarly, an increase in the
insert’s roughness will provide increased friction between the beads
and the inserts, thus enhancing wall support. Though not studied in
this paper, previous work (Lan et al., 2012) has shown that the
presence of inserts may cause an increase in HETP and consequently
decreasing the bed resolution.
Future work will focus on the veriﬁcation of the current model
when applied to manufacturing scale columns. The construction of
inserts with surface features such as speciﬁc levels of roughness
matched to the size of the beads may enhance performance. Such
studies will also need to include checks on the efﬁciency of Clean-
In-Place/sanitisation and of the integrity of the beads. Additionally,
the study of puriﬁcation performance of columns supported with
inserts with respect to protein size, protein mixture composition,
protein concentration, length of elution gradient, linear velocity and
protein binding capacity requires a signiﬁcant number of simula-
tions/experiments and it will be a subject of future work. Together
these methods will provide means to extend the hydrodynamic
range of traditional, soft matrices placed in conventional column
designs, and therefore will enhance the manufacturing capabilities
of a plant without relying on expensive retroﬁtting approaches of
existing facilities.
Nomenclature
Latin symbols
E0 empirical parameter of equation (Pa)
E1 empirical parameter of equation ( )
C empirical constant (typically 180)
dp particle diameter (mm)
g gravitational acceleration (m2 s1)
G shear modulus (Pa)
H compressed bed height (cm)
H0 initial height of the uncompressed column (cm)
k bed permeability (m2)
qexp,k experimental value
qmod,k model response
P pressure (Pa)
r radial coordinate (m)
R1 column radius
R2 inner radius of the insert
R3 outer radius of the insert
sexp,k experimental standard deviation
SSR weighted sum of squared residuals
U0 superﬁcial ﬂow velocity (m s
1)
z axial coordinate (m)
Greek symbols
ε bed void fraction ( )
ε0 void volume at the reference pressure ( )
εv volumetric strain ( )
λ Lame’s coefﬁcient ( )
v Poisson ratio ( )
μ dynamic viscosity of the mobile phase (Pa s)
μf1 column wall friction coefﬁcient ( )
μf2 insert wall friction coefﬁcient ( )
ρ density of the mobile phase (kg m3)
σ stress (Pa)
υ resin displacement (m)
Abbreviations
HETP height equivalent to a theoretical plate
RO reverse osmosis
v/v volume of solute/volume of solution
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